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Positive electrode active materials of non-spherical nickel hydroxide powders with a high 
tap-density for alkaline Ni—MH batteries have been successfully synthesized using 
a polyacrylamide (PAM) assisted two-step drying method. The tap-density of the powders 
reaches 2.32 g cm -3 , which is significantly higher than that of nickel hydroxide powders 
obtained by the conventional co-precipitation method. X-ray diffraction (XRD), infrared 
spectroscopy (IR), scanning electron microscopy (SEM), thermogravimetric/differential 
thermal analysis (TG-DTA), Brunauer—Emmett—Teller (BET) testing, laser particle size 
analysis, tap-density testing, cyclic voltammetry (CV), electrochemical impedance spec¬ 
troscopy (EIS), and a charge—discharge test were used to characterize the physical and 
electrochemical properties of the synthesized material. The results show that the as- 
prepared nickel hydroxide materials have an irregular tabular shape, a high density of 
structural disorder, and a high specific surface area. The charge—discharge tests indicate 
that nickel hydroxide powders synthesized by the new method have better electrochemical 
performance than those obtained by the conventional co-precipitation method. This 
performance improvement could be attributable to a more compact electrode micro¬ 
structure, a lower amount of intercalated anions, better reaction reversibility, a higher 
proton diffusion coefficient, and lower electrochemical impedance, as indicated by TG- 
DTA, CV, and EIS. The results clearly show that better electrochemical activity can be 
achieved using nickel hydroxide that has a higher tap-density. Moreover, the new 
synthesis process is simple, cost-effective, and facile for large-scale production. 

© 2010 Professor T. Nejat Veziroglu. Published by Elsevier Ltd. All rights reserved. 


1. Introduction 

Nickel hydroxide (Ni(OH) 2 ) has drawn considerable interest 
among materials chemists and battery technologists for its 
functionality as a cathode material in all nickel-based alkaline 
secondary cells [1-3]. It has been established that the physical 
properties of nickel hydroxide, such as its morphology, 
particle size distribution, tap-density, and specific surface 
area, are very important for its practical application in nickel 


batteries [4,5]. Because of its high tap-density and excellent 
electrochemical performance, spherical nickel hydroxide has 
been widely used as a cathode material in Ni—MH recharge¬ 
able batteries [6—11]. 

Generally, spherical nickel hydroxide can be prepared by 
a “controlled crystallization” method using NiS0 4 , NaOH, and 
NH 3 -H 2 0 [6,7]. However, the preparation procedures are 
complex, the precipitated nickel hydroxide is allowed to age 
for a long time, the product quality cannot be easily 
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guaranteed, and the production cost is high. Hence, a simpler 
and more economical method of synthesizing nickel 
hydroxide cathode material with high volumetric energy 
density is required. 

The conventional co-precipitation procedures for non- 
spherical nickel hydroxide powders are much simpler than 
those for spherical powders [12], are more economical 
because there is no hydroxide-forming step, and are more 
environmentally friendly because no ammonium is involved. 
Furthermore, the non-spherical powders have a large specific 
surface area and high electrochemical activity. To modify the 
structure and electrochemical performance of spherical 
nickel hydroxide, a high-energy ball milling method (HEBM) 
has been applied [13—15]. Compared with nickel hydroxide 
before HEBM, ball-milled nickel hydroxide possesses an 
irregular tabular shape, a higher surface area, smaller particle 
and crystallite sizes, more structural disorder, and higher 
electrochemical activity. 

However, non-spherical nickel hydroxide powders always 
show a lower tap-density (1.5—1.8 g cm -3 ) because of their 
irregular particle morphology and broad particle size distri¬ 
bution [12]. The low tap-density of the nickel hydroxide 
cathode material will result in a low volumetric specific 
capacity, thus seriously limiting the cell’s energy density. 
Moreover, samples obtained by the conventional co-precipi- 
tation method are difficult to filter because of the suspended 
nickel hydroxide colloid, so improving the non-spherical 
nickel hydroxide powders’ pile-density, usually the tap- 
density, is a serious challenge. Hence, the goal of this work is 
to seek a simpler method to synthesize high-density non- 
spherical nickel hydroxide. 

In this study, a new polyacrylamide (PAM) assisted two- 
step drying method was proposed to prepare high-density 
non-spherical nickel hydroxide cathode materials. The 
physical and electrochemical properties of the prepared 
nickel hydroxide were characterized by means of X-ray 
diffraction (XRD), infrared spectroscopy (IR), and scanning 
electron microscopy (SEM), thermogravimetric/differential 
thermal analysis (TG-DTA), Brunauer-Emmett-Teller (BET) 
testing, laser particle size analysis, tap-density testing, 
cyclic voltammetry (CV), electrochemical impedance spec¬ 
troscopy (EIS), and a charge-discharge test. It has been 
discovered that the prepared nickel hydroxide powder has 
a good electrochemical performance and a tap-density as 
high as 2.32 g cm -3 , which is the highest value known to 
date. The effect of tap-density on the electrochemical 
performance of nickel hydroxide electrodes is also 
discussed. 


2. Experimental method 

2.1. Preparation of non-spherical Ni(OH) 2 

Stoichiometric amounts of NiS0 4 -6H 2 0, were dissolved in 
distilled water to create a concentration of 1.67 mol L -1 . The 
aqueous solution was precipitated by adding a NaOH solution 
of 4 mol L~ 1 with continuous stirring at 50 °C. The co-precip- 
itation mixtures were stirred continuously after the reaction 
ceased, and then coagulated by adding PAM (10 ml PAM (0.6%) 


per 200 ml solution), filtrated (under a pressure of 20 MPa), 
dried (at 120 °C for 2 h), ground, washed, and dried (at 120 °C 
for 2 h) to obtain a green sample (A). As this process involves 
two drying steps, the method is called PAM assisted two-step 
drying; the steps are summarized in Fig. 1. Using the same 
method, a second green sample (B) was obtained by changing 
the amount of added PAM (5 ml PAM (0.6%) per 200 ml solu¬ 
tion) and the filtration pressure (10 MPa). 

Nickel hydroxide was also synthesized by the conventional 
co-precipitation method. The starting materials and propor¬ 
tions were the same as used in the PAM assisted two-step 
drying method. The aqueous solution was precipitated by 
adding a NaOH solution of 4 mol L -1 with continuous stirring 
at 50 °C. The co-precipitation mixtures were stirred continu¬ 
ously after the reaction ceased, then filtrated, washed, and 
dried at 120 °C for 2 h in a vacuum drying oven to obtain 
sample (C). 

2.2. Characterization of non-spherical Ni(OH) 2 

The obtained powders were analyzed by XRD using a D8 
diffractometer (Bruker, Germany) employing Cu Ka radiation. 
The scan data were collected in the 20 range of 15—70°. The 
step size was 0.026° with a counting time of 3 s. The prepared 
powders were also observed using an SEM (SEM-6701F, JEOL, 
Japan), and the powders’ components were obtained using 
a Fourier infrared spectrometer (FIRS; Bio-Rad FTS-40, US). TG- 
DTA was carried out using a Shimadzu DT-40 thermal 
analyzer (Japan). Measurements were performed in airflow 
using a-Al 2 0 3 as the reference material. 

A JZ-1 tap-density tester (China) was used to determine the 
tap-density of the sample as follows: 1) weigh the dried 
sample; 2) pour the weighed sample into the calibrated 
measuring cylinder; 3) install the cylinder into the tester and 
operate it until the volume ceases to decrease; and 4) read the 
volume. The specific surface area was evaluated by the BET 
nitrogen adsorption method using a 3H-2000 surface area 
analyzer (China). The particle size distribution of the powders 
was obtained using an OMEC LS-POP(III) particle size analyzer 
(China). 



Fig. 1 - Synthetic route of the PAM assisted two-step 
drying method. 
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2.3. Nickel electrode preparation 

Porous foamed nickel was cut into 2 cm x 2 cm squares to use 
as substrate material. The pasted nickel electrodes were 
prepared as follows: 80 wt.% nickel hydroxide, 10 wt.% nickel 
powder, and 5 wt.% carbon black were mixed thoroughly with 
a certain amount of 5 wt.% PTFE solution to obtain a homo¬ 
geneous slurry possessing adequate rheological properties. 
The slurry was poured into a foam nickel sheet and dried at 
80 °C for 5 h. Subsequently, the pasted electrodes were 
pressed at 20 MPa for 3 min to assure good electrical contact 
between the foam nickel and the active material. 

2.4. Electrochemical measurement 

Electrochemical tests were performed in a three-compart¬ 
ment electrolysis cell at ambient temperature. Two nickel 
ribbon counter electrodes were placed in the side chambers 
and the working electrode was positioned in the center. The 
electrolyte was a solution of 6 MKOH + 15 g L -1 LiOH. A Hg/ 
HgO reference electrode was used via a luggin capillary, which 
was made in the same alkaline solution used in the working 
cell. CV and EIS were conducted on a Solartron SI 1260 
impedance analyzer with a 1287 potentiostat interface. The 
CV test scan rate was between 1 mV s -1 and 8 mV s -1 and the 
cell potential ranged from 0.0 V to 0.8 V. For EIS, the imped¬ 
ance spectra were recorded at a 5 mV perturbation amplitude 
with a sweep frequency range of 10 kHz—1 mHz. 

Test cells were assembled using the prepared nickel 
hydroxide electrode as the cathode, a hydrogen storage alloy 
electrode as the anode, and polypropylene to separate the 
cathode and anode. The electrolyte was a solution of 6 M 
KOH + 15 g L -1 LiOH. Charge/discharge measurements were 
conducted using a Land CT2001A battery performance testing 
instrument (China). For activation, three charge—discharge 
cycles at 0.1 C were performed, and the electrodes were dis¬ 
charged to 1.0 V. The discharge capacity of the nickel 
hydroxide in the positive electrode was based on the amount 
of active material (Ni(OH) 2 ) without taking into account the 
additives in the electrode. 


3. Results and discussion 

3.1. Physical characterization of Ni(OH ) 2 

The physical properties of nickel hydroxide samples A, B and 
C are listed in Table 1. The tap-densities of samples A and B, 
prepared by the PAM assisted two-step drying method, are 
2.32 and 1.98 g cm -3 , respectively, remarkably higher than 


that of sample C obtained by the conventional co-precipita- 
tion method (1.62 g cm -3 ). The mean diameters of samples A, 
B, and C are 28.20, 27.53, and 21.24 jrm, and BET surface areas 
are 76.89, 83.26, and 105.15 m 2 g -1 , respectively. 

These results show that the effect of the coagulating agent 
(PAM) on tap-density is significant. PAM is often used in water 
treatment, as it can be removed in the subsequent washing 
and drying process and does not affect the products. Adding 
an appropriate amount of PAM into the nickel hydroxide 
suspension greatly enhances the tap-density of nickel 
hydroxide powders by accelerating filtration rate and reducing 
the moisture content in the press cake. The effect may be 
attributable to the net structure formed when PAM is added, 
which results in agglomerations of colloid particles. Coagu¬ 
lation further increases the structure’s density, as the 
agglomerations squeeze out water. Because of this dense 
structure, the nickel hydroxide particles are prone to grow and 
crystallize in the subsequent drying process, and the tap- 
density of the nickel hydroxide thereby significantly 
increases. Moreover, the products obtained using this new 
method are easy to filtrate because of the colloid particle 
agglomerations. 

The XRD patterns of nickel hydroxide samples A—C are 
presented in Fig. 2. The characteristic diffraction peaks at (0 
0 l)(d4.60), (1 0 0)(d2.70), (1 0 l)(d2.34), (1 0 2)(dl.76), (1 1 0) 
(dl.56), and (1 1 l)(dl.48) show that all these samples exhibit 
XRD characteristics of the (3-Ni(OH) 2 phase with a brucite-type 
structure and a hexagonal unit. Some disorders in the crystal 
lattice, characterized by the full width at half maximum 
intensity (FWHM) of the (0 0 1), (1 0 1), and (1 0 2) reflection 
lines, can also be observed [16]. The FWHMs and the d-values 
of the respective samples in the (0 0 1), (1 0 0), and (1 0 1) 
diffraction lines are listed in Table 1. The interlayer distance c 
of a brucite-type structure of nickel hydroxide is represented 
by the d 0 0 i value. The d 1 0 o value corresponds to the Ni—Ni 
distance a in the layers of Ni(OH) 2 , where a = (2/\/3)d 1 0 o [17]. 

The broadening of some of the diffraction peaks [e.g., (0 01) 
and (h k 0)] is directly related to the crystallite size, D [30]. The 
crystallite size perpendicular to various diffraction planes can 
be estimated from the XRD lines using the Scherrer formula 
D = 0.97/B cos(0) (where D is the crystallite size, 7 represents 
the X-ray wave length, B is the FWHM, and 6 is the Bragg 
angle). As presented in Table 1, the FWHMs of the (0 01) and (1 
0 0) diffraction lines tend to increase in the sequence A, B, C, 
indicating that the crystallite size of the nickel hydroxide 
powder tends to decrease, which is in accordance with the 
particle size results. 

It has been pointed out that abnormal broadening of the 
(101) reflection lines (1 ^ 0) cannot be attributed to crystallite 
size alone. Structural defects such as stacking faults, growth 


Table 1 

- Physical properties, FWHM and d-values in (0 0 1), (1 0 0), (1 0 1) diffraction lines of nickel hydroxide samples. 

Sample 

Tap-density/ 
gcrrr 3 

BET surface 
area/m 2 g -1 

Mean 

diameter/fun 

(0 0 1) 

(10 0) 

(10 1) 

FWHM/deg 

d/nm 

FWHM/deg 

d/nm 

FWHM/deg 

d/nm 

A 

2.32 

76.89 

28.20 

0.996 

0.46793 

0.852 

0.27002 

1.049 

0.23393 

B 

1.98 

83.26 

27.53 

0.997 

0.46867 

0.839 

0.27058 

1.034 

0.23411 

C 

1.62 

105.15 

21.24 

1.551 

0.48050 

1.002 

0.27201 

1.594 

0.23629 
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Wavenumber (cm' 1 ) 


Fig. 3 - IR spectra of samples A, B, and C. 


faults, and/or proton vacancies also play a very important role 
in explaining this broadening [18,19]. The (1 0 1) line shows 
a relationship with electrochemical activity, possibly due to 
the existence of stacking faults in the crystalline lattice of 
nickel hydroxide powders [20—23]. Structural disorder in 
nickel hydroxide can provide a better path for the diffusion of 
protons within the NiO layers and can help lower the free 
energy by increasing the entropy contribution, which can in 
turn increase the electrochemical reaction rate [11]. 

Kohler et al. [21] reported that less ordered nickel 
hydroxide materials characterized by an FWHM of the (1 0 1) 
line of 0.9 (2 0) or more exhibit a better specific capacity. The 
FWHMs of the (101) diffraction lines of samples A, B, and C are 
up to 1.049,1.034, and 1.594, respectively, which indicates that 
all these samples possess a high density of structural disorder 
and better electrochemical activity. This result is attributed to 
the grinding, cutting, and deforming of large crystallites, 
which is similar to the high-energy ball milling method 
[13-15]. 

Fig. 3 presents the infrared spectra of the as-prepared 
samples A-C. Infrared spectra are useful for probing the 
short-range structure of nickel hydroxide, in contrast with the 
X-ray diffraction patterns that result from long-range 
phenomena. As is evident in Fig. 3, all three samples show 
similar characteristics. The strong, sharp band centered at 
3640 cm -1 corresponds to the uO—H vibration, which is the 
typical IR spectra characteristic of (3-Ni(OH) 2 [24]. The large 
bands around 3300 and 1650 cm -1 , due to the ^(H 2 0) stretching 
vibration and the <5(H 2 0) bending vibration of water molecules, 
indicate the presence of a certain amount of water molecules 
adsorbed on the nickel hydroxide [25]. These water molecules 
may play an important role in improving the rate-capacity 
performance of the nickel hydroxide electrodes by providing 
the passage for proton diffusion along the molecular chain 
between the layers [26]. The two low bands at about 1470 cm -1 
and 1380 cm -1 in both IR spectra can be assigned to interfer¬ 
ence from the vibration of carbonate ions [27] due to the open 
system used for synthesis. The band at about 1125 cm -1 
corresponds to the vibration of SOl - [28]. The strong, narrow 
IR absorption band at 520 cm -1 can be ascribed to uNi-OH 
vibration, and the weak absorption band at 460 cm -1 is the 
uNi—O stretching vibration mode [29]. 


It was not possible to quantitatively determine from the 
XRD and IR studies the extent of hydration and the anions’ 
intercalation in the various samples, so TG—DTA analyses 
were used to investigate the water content and dehydration 
reactions of the nickel hydroxide. The TG and DTA curves for 
nickel hydroxide samples A—C are shown in Fig. 4 and the 
experimental results are detailed in Table 2. All three samples 




Fig. 4 - TG and DTA plots for Ni(OH) 2 samples A, B, and C. 
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Table 2 - Results of weight loss measurements for 
samples A, B, and C. 

Weight 

Reason for loss 

Sample 


loss 






A B 

c 

region 




20-200 

Dehydration (%) 

3.42 2.85 

5.42 

200-350 

Dehydroxylation (%) 

17.0 15.98 

13.87 

350-500 

Removal of intercalated anions (%) 

0.83 2.21 

3.82 


show three weight loss regions. The first region is below 
200 °C, where the adsorbed water is removed (Eq. (1)). The 
second is between 200 °C and 350 °C, where the samples 
decompose to NiO (Eq. (2)). The third is between 350 °C and 
500 °C, where the intercalated anions are removed.Dehydra- 
tion reaction: 

Ni(OH) 2 -X ads H 2 0 —► Ni(0H) 2 +XH 2 0 (1) 

Decomposition reaction: 

Ni(0H) 2 ^Ni0 + H 2 0 (2) 

In Eq. (1), the H 2 0/Ni(0H) 2 molar ratio X ads can be estimated 
from the weight loss corresponding to the dehydration reac¬ 
tion, and the nominal stoichiometric compositions of the 
nickel hydroxide samples are obtained. As presented in Table 
2, the water content in samples A and B is relatively low 
compared to that in sample C. The X ads values for the three 
samples were found to be 0.18, 0.15, and 0.30, respectively. 
Ramesh et al. [30] reported that the moisture content in nickel 
hydroxide is greatly dependent on the pH during precipitation. 
Thus, these results indicate that adding an appropriate 
amount of PAM under the same pH condition can greatly 
reduce the moisture content in the final product. 

The theoretical weight loss corresponding to the decom¬ 
position reaction (Eq. (2)) is 19.43%, and the practical weight 
loss corresponding to this reaction, which can be estimated 
from the second weight loss steps of the TG curves, are 
17.08%, 15.98% and 13.87% for samples A, B, and C, respec¬ 
tively. This indicates that the Ni(OH) 2 concentration (i.e., Ni 
composition) is higher in samples A and B than in sample C. 
The deviations between the practical and theoretical weight 
loss may be attributed to the SOi~ and CO3 - adsorbed in these 
materials, as revealed by IR analysis. The weight loss due to 
intercalation of anions was observed to be the highest for C 
(3.82%), whereas for A it was 0.83% and for B 2.21%. These 
results show that the nickel hydroxide powder obtained by the 
new method contains more Ni and fewer intercalated anions, 
which are likely boost its electrochemical activity. 

In Fig. 4, it can be seen that the temperatures corre¬ 
sponding to the decomposition reaction peaks on the DTA 
curves gradually declines, with readings of 273.3, 265.2, and 
261.8 °C for samples A, B, and C, respectively. This indicates 
that with decreasing tap-density, the synthesized nickel 
hydroxide materials become less thermally stable, as reflected 
in the higher decomposition reaction rate and lower decom¬ 
position temperature. That is, sample A with its higher tap- 
density has higher thermal stability than samples B and C. 

Fig. 5 displays SEM photographs of samples A—C. All 
appear to be aggregates of irregular tabular shapes, similar to 
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Fig. 5 - 

SEM images of Ni(OH ) 2 

samples A, B, and C. 


the ball-milled powders [13]. The irregular shapes may result 
from grinding, which leads to a higher specific surface area 
and more structural disorder, as shown in Table 1. In contrast 
to the typical spherical particles of (3-Ni(OH) 2 [4,5], nickel 
hydroxide powders with irregular tabular shapes have 
a higher specific surface area that can provide a high density 
of active sites and thereby promote intimate interaction 
between the active material and the surrounding electrolyte 
[14,15]. 
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3.2. CV and EIS measurements of nickel electrode 

Fig. 6 illustrates the typical CV curves for samples A-C at 
various scan rates and 25 °C. For all the electrodes, at a scan 
rate of 1 mV s _1 , one anodic nickel hydroxide oxidation peak 
and one cathodic oxyhydroxide reduction peak are observable 
on the CV curves. As the scan rate increases from 1 to 
8 mV s _1 , the oxidation and reduction peaks of samples A and 
B are clearly visible. However, for sample C, the oxidation peak 
disappears at scan rates above 6 mV s -1 , indicating an overlap 
between nickel hydroxide’s oxidation peak and the oxygen 
evolution peak. Thus oxidation of nickel hydroxide to nickel 
oxyhydroxide will be accompanied by oxygen evolution, 
which in the early stage of charging will decrease charge 
efficiency and increase the pressure inside the battery. 





Fig. 6 - Cyclic voltammograms of samples A, B, and C at 
various scan rates. 


Generally, the average of the cathodic and anodic peak 
potentials (E rev ) can be taken as an estimate of the reversible 
potential for nickel electrodes, and the potential difference 
(AE ac ) between the anodic (E a ) and cathodic (E c ) peak poten¬ 
tials is a measure of the reversibility of the redox reaction 
[11,31]. 

To compare the CV characteristics of electrodes A-C, the 
results of CV measurements at scan rate of 1 mV/s are tabu¬ 
lated in Table 3. The experimental data show that the redox 
reactions are somewhat quasi-reversible for all electrodes as 
indicated by the relatively large AE a>c . However, the AE a>c of 
electrode A is only 202 mV, which is smaller than that of 
electrode B and C. This indicates that the charge and discharge 
process of the electrode A is better reversible, thus more active 
material can be utilized during charge and discharge, which is 
in accordance with the charge—discharge results as shown in 
Fig. 9. 

It is well known that the electrochemical reaction process 
of a nickel hydroxide electrode is limited by proton diffusion 
through the lattice [32,33]. Therefore, it is of great importance 
to study the nickel electrode’s proton diffusion coefficient. 
According to the Randles-Sevcik equation [32], at 25 °C 
the peak current, i p , in the cyclic voltammogram can be 
expressed as 

i p = 2.69 x 10 5 x n 3/2 x A x D 1/2 xC 0 x v 1/2 (3) 

where n is the electron number of the reaction (~1 for (3-Ni 
(OH) 2 ), A is the surface area of the electrode, D is the diffusion 
coefficient, u is the scanning rate, and C 0 is the initial 
concentration of the reactant. For an Ni(OH) 2 electrode, 

Co = P/M (4) 

where p and M are, respectively, the density and the molar 
mass (92.7 g/mol) of Ni(OH) 2 . 

Fig. 7 shows the relationship between the cathodic peak 
current (i p ) and the square root of the scan rate (v 1/2 ) for both 
nickel electrodes. The good linear relationship between i p and 
v 1/2 confirms that the electrode reaction of Ni(OH) 2 is 
controlled by proton diffusion. Using the slope of the fitted 
line in Fig. 7 and Equation (3), the proton diffusion coefficient 
for sample A is calculated to be 6.81 x 1CT 10 cm 2 s -1 , which is 
comparatively larger than for samples B and C 
(5.92 x 1(T 10 cm 2 s" 1 and 3.84 x 1(T 10 cm 2 s' 1 ). 

Fig. 8 presents the electrochemical impedance spectra for 
electrodes A—C at steady state. The impedance spectra of all 
these electrodes display a depressed semicircle resulting from 
charge transfer resistance in the high-frequency region, and 
a slope related to Warburg impedance in the low-frequency 
region [34—36]. The impedance of electrode A is much smaller 


Table 3 - 
and C. 

Potential values of CV features for samples A, B, 

Sample 

E a /mV 

Ec/mV 

AE a>c /mV 

Erev/ rnV 

A 

259 

461 

202 

360 

B 

255 

476 

221 

366 

C 

233 

542 

309 

388 
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Fig. 7 - Relationship between the cathodic peak current (I p ) 
and the square root of the scan rate for samples A, B, and C. 


than that of electrode B or C, which implies that the electro¬ 
chemical reaction on electrode A proceeds more easily than 
on electrode B or C. 

The higher proton diffusion coefficient and lower charge 
transfer resistance in high-density nickel hydroxide is attrib¬ 
utable to fewer intercalated anions (e.g., SOt - , CO§“), more 
compact structure, high structural disorder density, and high 
specific surface area. The high density of structural disorder 
for nickel hydroxide powder is beneficial for the acceleration 
of solid-state proton diffusion in the Ni(OH) 2 lattice and will 
diminish the concentration polarization of protons during 
charge and discharge, leading to better charge—discharge 
cycling behaviour [14]. Moreover, non-spherical nickel 
hydroxide with a high surface area can provide a good inter¬ 
connectivity network between the nickel hydroxide particles, 
and optimal degree of contact between the nickel electrode 
and the electrolyte, which can facilitate the rapid movement 
of electrons and ions in the electrode. 

3.3. Charge/discharge test of nickel electrode 

It is well known that adding cobalt compounds, such as metal 
cobalt, CoO, cobalt oxyhydroxide and cobalt hydroxide (Co 
(OH) 2 ), can significantly enhance nickel hydroxide utilization 



zL /Qcm 2 

Fig. 8 - Electrochemical impedance spectra of samples A, 
B, and C. 




Specific capacity/mAhg 1 



Specific capacity/mAhg 1 

Fig. 9 - Discharge curves of the electrodes prepared with 
samples A, B, and C at different current rates. 


[2, 37]. In order to study the effect of tap-density on the elec¬ 
trochemical performance of nickel hydroxide, nickel elec¬ 
trodes A—C were prepared without adding any cobalt 
compounds. Fig. 9 shows the discharge curves of nickel elec¬ 
trodes A-C at rates of 0.2, 0.4, 1, 2, and 5C, respectively. The 
experimental results are given in Table 4. 

The specific discharge capacities of samples A and B, 
obtained by the new method, are both higher than that of 
sample C, prepared by the conventional co-precipitation 
method. At a rate of 0.2 C, sample A shows a volume capacity 
of 569.6 mAh cm -3 , which is 313.8 mAh cm -3 higher than that 
of sample C (255.8 mAh cm -3 ). As the discharge rate increases 
from 0.2 to 5C, the discharge capacity of sample A decreases 
from 245.5 to 178.1 mAh g -1 , showing that at such a high 
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Table 4 - Results of charge/discharge test for different electrodes at different current rates. 


Electrode Specific capacity/mAh g 1 2 Specific volume capacity/mAh cm 3 


0.2C 0.4C 1C 2C 5C 0.2C 0.4C 1C 2C 5C 


A 

245.5 

233.6 

212.1 

199.9 

178.1 

569.6 

542.0 

492.1 

463.8 

413.2 

B 

229.7 

221.1 

201.3 

189.7 

168.2 

454.8 

437.8 

398.6 

375.6 

333.0 

C 

201.1 

186.4 

171.6 

150.5 

123.7 

325.8 

302.0 

278.0 

243.8 

200.4 


discharge rate 72.5% capacity is retained. At the 5C rate, 
sample A shows a higher discharge capacity of 178.1 mAh g -1 
and a volume capacity of 413.2 mAh cm -3 , whereas the values 
for sample C are 123.7 mAh g -1 and 200.4 mAh cm -3 , indi¬ 
cating that the high-rate performance of sample A is much 
better than that of sample C. 

The cyclic performance of nickel electrodes A—C at the 1C 
rate is illustrated in Fig. 10. 

The specific discharge capacity of electrode C decreased 
during the proceeding of the charge-discharge cycles, 
reaching a maximum value of 171.4 mAh g -1 , but that of 
electrode A increased to a maximum value of 228.5 mAh g -1 at 
the 81st cycle and then slowly decreased. During cycling, 
electrodes A and B showed higher specific capacity and better 
cycling stability than electrode C. To quantitatively charac¬ 
terize the cyclic stability of the nickel electrodes, the deterio¬ 
ration rate (R d ) is used, where R d is equal to (C m - Cj)/C m (C m : 
maximum capacity; Q: capacity at a certain cycle). The R d at 
the 200th cycle for nickel electrodes A, B, and C are 8.09%, 
11.4% and 32.2%, respectively, which indicates that the nickel 
hydroxide powders prepared by the new method have much 
better cyclic stability and higher discharge capacity than the 
powder obtained by the conventional co-precipitation 
method. 

In summary, the non-spherical nickel hydroxide prepared 
by the new method has demonstrated not only a high tap- 
density, but also excellent electrochemical performance. 
Ramesh [38] reported that the better electrochemical activity 
is mainly dictated by structural disorder and is not associated 
with the tap-density of nickel hydroxide. However, these 
results clearly show that better electrochemical activity can be 
achieved by obtaining nickel hydroxide with a higher tap- 
density. That is, the nickel hydroxide powder with higher tap- 
density yields greater discharge capacity, greater volume 



Fig. 10 — Cyclic performance of the electrodes prepared 
with samples A, B, and C at 1 C charge/discharge rate. 


capacity, higher discharge voltage, better high-rate capability 
and better cyclic stability. This electrochemical performance 
improvement is attributable to better reaction reversibility, 
a higher proton diffusion coefficient, and lower electro¬ 
chemical impedance, as indicated by CV and EIS. 


4. Conclusions 

High-density, non-spherical nickel hydroxide was success¬ 
fully synthesized by the PAM assisted two-step drying 
method. The tap-density of the powders thus obtained is 
2.32 g cm -3 , which is notably higher than that of the nickel 
hydroxide powder obtained by the conventional co-precipi- 
tation method. The as-prepared nickel hydroxide materials 
have an irregular tabular shape, a high density of structural 
disorder, and a high specific surface area. The samples 
synthesized by the new method have better reaction revers¬ 
ibility, a higher proton diffusion coefficient, lower charge 
transfer resistance, higher specific capacity, higher volume 
capacity, and better cyclic stability than nickel hydroxide 
obtained by the conventional co-precipitation method. The 
results clearly show that better electrochemical activity can be 
achieved from nickel hydroxide with higher tap-density. We 
conclude that the PAM assisted two-step drying method is 
a simple, facile procedure for synthesizing non-spherical 
precursor powder that ultimately yields good performance 
and high tap-density in the final nickel hydroxide product. 
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